r A new caged nicotinic acetylcholine receptor (nAChR) agonist was developed, ABT594, which is photolysed by one-and two-photon excitation.
Introduction
Caged neurotransmitters have been widely used as optical probes for understanding the chemical biology of transmitter receptors on neurons and glia (Eder et al. 2004; Ellis-Davies, 2007 . Biologically inert before irradiation, a brief flash of light releases a natural ligand that activates native signalling cascades in target cells. Almost all of the most important neurotransmitters (glutamate, GABA, glycine, dopamine, serotonin, etc.) have been studied using this method (Ellis-Davies, 2013) , with the exception being acetylcholine. The reasons for this exception lie in the chemical structure of acetylcholine itself: all heteroatom valences are fully saturated. Therefore, chemical biologists have turned to caged drug analogues as surrogates to enable photostimulation of the important receptor classes that respond to acetylcholine (Brieke et al. 2012; Hansen et al. 2015) . In fact ortho-nitrobenzyl (NB)-carbamoylcholine was the first 'caged neurotransmitter' to be reported, as early as 1986 (Walker et al. 1986a ). This optical probe proved useful for the study of the neurophysiology of acetylcholine (Khiroug et al. 2003; Yakel, 2013) . However, carbamoylcholine, like acetylcholine, activates both ionotropic and G-protein-coupled receptors, but with lower affinity than the native ligand, thus requiring the use of NB-carbamoylcholine at high probe concentration. Given that NB-carbamoylcholine is antagonistic towards nicotinic acetylcholine receptors (nAChRs) (Walker et al. 1986a ) and requires photolysis with ultraviolet light (Walker et al. 1986a) , we chose to develop a new caged drug (ABT594) for the selective photostimulation of nAChRs with visible light. ABT594 has a high affinity for α3/4-containing nAChRs while being much less potent at α7 homomeric receptors .
In the CNS, neurons of the medial habenula (MHb) exhibit very high expression levels of nAChRs, especially of the subunits α3/4 and β2/4 (Shih et al. 2014) . The MHb is a small brain region in the epithalamus sending long-range axonal projections via the fasciculus retroflexus to the interpeduncular nucleus (IPN). Considering its high expression of nAChRs, it is not surprising that this pathway has been implicated among others in nicotine addiction (De Biasi & Dani, 2011) . However, due to lack of appropriate tools, the subcellular distribution of functional nAChRs in MHb neurons has not been investigated so far. Therefore, we developed a nitrobenzyl-caged ABT594 and validated its effectiveness on MHb neurons by local uncaging. Uncaging combined with two-photon Ca 2+ imaging revealed the presence of highly Ca 2+ -permeable nAChRs on the soma and dendrites of MHb neuron in living mouse brain slices. Unexpectedly, use of our new optical probe revealed nAChR-mediated Ca 2+ transients in axons of these neurons. These data show that caged ABT594 is well suited to photostimulation of nAChRs and can enable discovery of potentially new forms of Ca 2+ signalling.
Methods

Ethical approval
All animal experiments were conducted according to Mount Sinai IACUC (protocol number LA10-00201).
Mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in-house. Animals were housed on a 12 h light-dark cycle and allowed free access to food and water. Mice were deeply anaesthetized with isoflurane and then euthanized by decapitation. Experiments were carried out on 3-to 7-week-old C57BL/6J mice of both sexes.
Synthesis of caged compounds
All chemicals were purchased from commercial sources unless otherwise noted. Reactions were monitored by thin-layer chromatography on Merck KGaA glass silica gel plates (60 F254, New York, NY, USA) and were visualized with UV light or potassium permanganate staining followed by heating. Flash chromatography was performed using Agela Technologies industrial grade silica Willmington, DE, USA) . HPLC analyses were performed on a Waters Acquity Arc system with a 2998 PDA Detector (Milford, MA, USA). Proton nuclear magnetic resonance ( 1 H-NMR) spectra were recorded on an Varian 300 MHz NMR spectrometer (Varian, Palo Alto, CA, USA) and the chemical shifts are reported in ppm using the solvent peak as the internal standard (CDCl 3 at 7.26 ppm). Peaks are reported as: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; m, multiplet. Proton-decoupled carbon nuclear magnetic resonance ( 13 C-NMR) spectra were recorded on an Oxford 300 MHz NMR spectrometer and the chemical shifts are reported in ppm using the solvent peak as the internal standard (CDCl 3 at 77.0 ppm). High resolution mass spectral data were obtained using a USAG1969A time of flight liquid chromatograph-mass spectrometer (Agilent Technologies, Santa Clara, CA, USA).
(326 mg, 1.96 mmol) and potassium carbonate (421 mg, 2.73 mmol) in dry N,N-dimethylformamide (DMF; 5 mL) was heated at 80°C for 2 h. The reaction mixture was cooled to ambient temperature and extracted with CH 2 Cl 2 (30 mL × 3). The combined organic extract was dried over Na 2 SO 4 , filtered and concentrated in vacuo. The residue was further purified by flash column chromatography (gradient, 40% ethyl acetate/hexane to 100% ethyl acetate) to yield 6 as a yellow liquid (500 mg, 88% 74, 153.73, 149.19, 138.38, 132.67, 110.55, 109.20, 71.81, 70.87, 70.57, 70.47, 70.45, 69.37, 69.34, 69.27, 58.91, 30.23 64, 146.99, 139.37, 137.81, 110.78, 110.20, 71.84, 71.80, 70.84, 70.73, 70.60, 70.47, 70.32, 69.65, 69.47, 69.14, 68.77, 65.39, 58.93, 24.42 148.08, 139.67, 132.61, 132.58, 113.39, 109.99, 109.84, 77.49, 77.06, 76.64, 71.88, 70.92, 70.65, 70.55, 70.53, 69.44, 69.42, 69.21, 69.09, 59.01, 43.11, 27.47 ; 2; 39.6 mg, 0.20 mmol) and this mixture was heated at 50°C for 6 h. After cooling to ambient temperature, the reaction mixture was diluted and extracted with CH 2 Cl 2 (30 mL × 2). The combined organic extract was dried over Na 2 SO 4 , filtered and concentrated. The residue was further purified by silica gel column chromatography (gradient, 80% ethyl acetate/hexane to 3% methanol/ethyl acetate) to yield DPNB-ABT (1) as a yellow liquid (18 mg, 21%). 89, 152.48, 147.08, 142.34, 141.74, 136.37, 134.71, 124.48, 124.29, 112.48, 109.51, 71.89, 70.88, 70.82, 70.76, 70.65, 70.60, 70.54, 70.50, 69.48, 69.12, 69.06, 68.66, 64.95, 61.31, 59.01, 49.93, 20.65, 19.43 + .
4,5-Dimethoxy-2-nitrobenzyl-ABT594 (compound 3).
ABT594 14 .5 mg, 0.073 mmol) was dissolved in anhydrous dichloromethane (1 mL). To this solution was added 4,5-dimethoxy-2-nitrobenzaldehyde (15.4 mg, 0.073 mmol) and titanium (IV) isopropoxide (21.6 μL, 0.073 mmol) and the resulting mixture was stirred at 25°C. After 3 h, sodium cyanoborohydride (5.0 mg, 0.080 mmol) was added and the reaction mixture was stirred at ambient temperature for 24 h, after which time the reaction was quenched with saturated aqueous NaHCO 3 (20 mL). The organics were extracted with CH 2 Cl 2 (3 × 20 mL), washed with brine (30 mL), dried over Na 2 SO 4 , filtered and concentrated. The product was purified by silica gel chromatography (gradient, 30:68:2 to 75:23:2 ethyl acetate/hexanes/triethylamine), resulting in the isolation of 10.2 mg of 4,5-dimethoxy-2-nitrobenzyl (DMNB)-ABT594 (3; 36% yield). + .
Quantum yield of photolysis of DPNB-ABT594
A solution of DPNB-ABT594 and DM-nitrophen in equal concentration (0.1 mM each, total absorption at 365 nm 0.28 in a 3 mL quartz cuvette) in HEPES buffer with saturating Ca 2+ was photolysed with a 365 nm LED (Thorlabs, Newton, NJ, USA). Since the absorption spectra of the caged compounds are identical in this region, the relative rate of photolysis allows the quantum yield of uncaging of DPNB-ABT594 to be calculated. The time course of photolysis was followed by HPLC monitored at 250 and 365 nm with inosine included as a photochemically inert standard. Using a linear gradient from a Waters Acuity of 10-100% acetonitrile with water with 0.1% trifluoroacetic acid, DM-nitrophen eluted at 2.09 min and DPNB-ABT594 at 3.19 min on a Waters Cortecs C-18 column (4.6 × 50 mm, 2.7 μm).
Brain slice preparation
Mice were anaesthetized with isoflurane and the brain quickly removed. Coronal brain slices (250 μm) were cut in ice-cold cutting solution containing (in mM): 60 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , 10 glucose, 100 sucrose, 3 sodium pyruvate, 1.3 sodium ascorbate equilibrated with 95% O 2 -5% CO 2 (pH 7.3-7.4). The brain slices were then incubated for 15-20 min at 33°C in artificial cerebrospinal fluid (ACSF, mM: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 10 glucose, 3 sodium pyruvate, 1.3 sodium ascorbate; 95% O 2 -5% CO 2 , pH 7.3-7.4) before being stored at room temperature.
Electrophysiological recordings
Hemisected brain slices were transferred to the recording chamber of a BX-61 microscope (Olympus, Penn Valley, PA, USA) and superfused with ACSF at room temperature. Neurons of the lateral portion of the ventral MHb were visualized with a ×60 objective (Olympus) and infrared differential interference contrast optics. Whole-cell recordings were made with an EPC-9 amplifier (HEKA Instruments, Bellmore, NY, USA) in voltage-clamp mode (V hold = −60 mV). Patch pipettes were filled with an internal solution containing (in mM): 135 potassium gluconate, 4 MgCl 2 , 10 HEPES, 4 Na 2 -ATP, 0.4 Na 2 -GTP, 10 Na 2 -phosphocreatine, pH 7.35. The red fluorescent dye Alexa 594 (0.05 mM, Thermo Fisher Scientific, Waltham, MA, USA) was added to visualize the morphology of neurons, and the fluorescent Ca 2+ indicator fluo-4FF (0.5 mM) was added to measure Ca 2+ transients. Currents were recorded at 20 kHz and filtered at 3 kHz with Pulse (HEKA). All experiments were conducted in the presence of the voltage-gated Na + channel blocker TTX (1 μM). The nAChR blocker dihydro-β-erythroidine (3 μM) and mecamylamine (3 μM) were added as indicated.
Two-photon imaging and one-/two-photon uncaging
Dye-filled patch-clamped neurons were imaged with a Prairie Technologies (Middleton, WI, USA) Ultima dual galvanometer scan head equipped with a Chameleon Ultra II and a Verdi-Mira laser (Coherent Inc., Palo Alto, CA, USA). Alexa 594 and fluo-4FF were excited with the imaging laser tuned to 820 nm and red/green emission simultaneously monitored by two photomultiplier tubes. Laser intensities were modulated by Pockels cells (Conoptics, Danby, CT, USA). Frame-scan Ca 2+ imaging (ß7.5 or 9.1 Hz) was performed at 128 × 128 pixels resolution with a pixel dwell time of 4 μs. Two-photon uncaging was carried out at 720 nm, and one-photon uncaging with a 410 nm laser (CUBE, Coherent). Light power was measured with a photometer (S120VC, Thorlabs) at the exit of the objective prior to the experiment. All time-correlated imaging, uncaging and electrophysiology experiments were controlled and triggered via PrairieView 5.3 (Prairie Technologies). For one-photon uncaging, DPNB-ABT594 (20 μM) was applied via the recirculating perfusion system (7 ml); for two-photon uncaging the compound was applied at higher concentration (400 μM) by local pressure application from a patch pipette (Picospritzer III, Parker Instrumentation, Fairfield, NJ, USA). The concentration of caged compound was determined with a UV spectrophotometer (Cary 50 Bio, Varian, Palo Alto, CA, USA) based on the extinction coefficient (ε 350 = 5000).
Data analysis and statistics
Image analysis was performed with ImageJ. Regions of interest (ROIs) were manually selected and drawn based on morphological reconstruction of the red fluorescence (Alexa 594). Data are given as F/F 0 , based on the equation
, where F t is the fluo-4FF fluorescence intensity at time t, F 0 is the average fluorescence intensity of the baseline recorded for 10 s prior to uncaging and F dark is the average systems background dark fluorescence intensity with the imaging laser shutter closed. Displayed current and Ca 2+ traces were low-pass 1 kHz filtered for clarity. Analysis of current and Ca 2+ transients was carried out using FitMaster (HEKA), Microsoft Excel and IGOR Pro (WaveMetrics, Lake Oswego, OR, USA). Rise times (20-80%) and decay times (37%) were measured with NeuroMatic for IGOR Pro (WaveMetrics). Data are presented as mean ± SEM.
Results
Synthesis of caged ABT594
A range of agonists specific for nAChRs were developed by Abbott in the 1990s, and one of the most potent, ABT594, activated nAChRs containing the α4β2 subunits with good selectivity versus the α7 subunit. This drug has a secondary amine functionality ripe for caging with a nitrobenzyl chromophore, as the N-methyl derivative is 100-fold less potent than ABT594 Fig. 1A) . No longer commercially available, ABT594 required synthesis itself, and for this we followed the published protocol . Initially, we caged ABT594 (2, Fig. 1A ) by reductive amination with the known 4,5-dimethoxy-2-nitrobenzyl (DMNB) aldehyde to give DMNB-ABT594 (3, Fig. 1A ). We selected neurons in the MHb for probe evaluation, as these are known to express nAChRs (Fowler et al. 2011) . While our initial biological evaluation of 3 was encouraging, photoevoked responses were highly variable (data not shown). We surmised this could be caused by the hydrophobic nature of 3, so we synthesized a more water-soluble di-polyethylene glycol (DP) version of 3 called DPNB-ABT594 (1, Fig. 1A ). The synthesis started with the known nitrocachetol 4, which was alkylated with a polyethylene glycol moiety 5 to give ketone 6. This was then transformed into bromide 8 via reduction to alcohol 7 in an overall yield of 64% for three steps. ABT594 was then alkylated with bromide 8 to give the desired caged compound 1. Note, the DPNB photochemical protecting group is a novel, water-soluble version of the DMNB chromophore. We could make solutions of 1 in HEPES buffer of at least 1 mM. We compared the rate of photolysis of DPNB-ABT594 with DM-nitrophen, which we had previously shown by photon counting methods to have a quantum yield of 0.18 (Kaplan & Ellis-Davies, 1988) . Since DM-nitrophen and DPNB-ABT594 have similar chromophores, we compared the relative rates of photolysis of these compounds when they were irradiated simultaneously with near-UV light. We determined that our new caged compound was photolysed with a quantum yield of 0.20 (Fig. 1B) .
One-photon uncaging of DPNB-ABT594 on MHb neurons
To evaluate the photopharmacology of DPNB-ABT594, we selected neurons in the lateral portion of the ventral MHb as these are known to express very high levels of nAChRs, including α3β4 and α4β2 subtypes (McLaughlin et al. 2017) . Since ABT594 is a high affinity agonist for nAChRs, we were able to apply DPNB-ABT594 at a low concentration (20 μM) to brain slices acutely isolated from mice. Neurons were patch-clamped with a solution containing the morphological marker Alexa 594 and the Ca 2+ indicator fluo-4FF ( Fig. 2A) . These cells exhibited large inward currents and Ca 2+ transients in response to laser uncaging at 410 nm at the soma (Fig. 2B) , which increased linearly with energy dosage as expected for one-photon excitation (1 mW, 0.5-3 ms, n = 6 cells; Fig. 2C ). These responses were blocked by the nAChR blocker DHβE (3 μM) and mecamylamine (3 μM) indicating activation of a pure nAChR-mediated conductance (Fig. 2D) .
Subcellular distribution of nAChRs on MHb neurons
Next, we asked whether functional Ca 2+ -permeable nAChRs were also present on dendrites of MHb neurons. Uncaging DPNB-ABT594 elicited currents and large local Ca 2+ transients in dendrites of all cells tested (n = 12; Fig. 3A and B) . Compared to principal neurons from other brain regions, MHb neurons display a morphology comprising a round cell soma with several short, mostly aspiny dendrites of varying diameter that often display a striking tortuousity (Kim & Chang, 2005a ; Fig. 2-5A ). This overlap could cause currents recorded from dendrites using one-photon uncaging to be a sum of several axial locations. However, two-photon imaging has much better axial resolution and allows local Ca 2+ transients to be specified with excellent spatial precision. This approach allowed us to define the lateral resolution of one-photon uncaging (Fig. 3) . Uncaging at two positions separated by 5 μm along a dendrite caused concomitant changes in Ca 2+ signals at position 1-3 (Fig. 3A and B) . However, moving 5 μm away from position 2 reduced the Ca 2+ signal at position 2 considerably (Fig. 3C ). Signals at further distances (position 1 and 3) were not detectable, suggesting one-photon photolysis has a lateral resolution of 3-5 μm.
In several cases, we were also able to fill the small diameter axon and track it over considerable distances. The axon either emerged directly from the soma or from a dendrite (Kim & Chang, 2005b) , as seen in Fig. 4A . The subcellular distribution of nAChRs is much more complex than that of ionotropic glutamate receptors. Most crucial in skeletal muscle postsynaptic physiology (Katz, 1979; Colquhoun & Sakmann, 1998) , they are also known to play an important role at presynaptic terminals in the CNS, where Ca 2+ entry through nAChRs can enhance neurotransmitter release (Nashmi & Lester, 2006) . Such terminals normally appear as bulbous varicosities arising from thin, non-myelinated axons (De Paola et al. 2006) . Unexpectedly, uncaging ABT594 at long bouton-free axonal compartments of patch-clamped MHb neurons elicited large local Ca 2+ transients (n = 5 cells; Fig. 4A  and D-F) . We could also detect currents measured at the soma from these photostimulations; however, these were much smaller than dendritic currents in the same cell ( Fig. 4B and C) , likely due to 'axonal filtering' of the evoked currents.
Two-photon uncaging of DPNB-ABT594 on MHb neurons
Next, we examined the two-photon uncaging of DPNB-ABT594 using a mode-locked Ti:sapphire laser tuned to 720 nm. Due to the comparatively low two-photon absorption of the nitrobenzyl chromophore, we locally applied DPNB-ABT594 at much higher concentrations (ß400 μM). Short pulses of two-photon light (2 ms, 30 mW) directed to at a single location at a dendrite of a dye-filled MHb neuron ( Fig. 5A and B) induced fast nAChR-mediated currents (Fig. 5B , right top). Moving the uncaging point 1.5 μm away from the dendrite eliminated the current (Fig. 5B, right middle) while moving it back to the original location restored the current response (Fig. 5B, right bottom) demonstrating the expected high resolution of two-photon excitation.
When the laser was directed to the soma or dendrite of single MHb neurons (Fig. 5A and C) , we could evoke currents that increased either with energy for a fixed shutter duration or with shutter duration with a fixed energy of photolysis. In the former case we used 2 ms shutter exposures and increased the energy from 0-40 mW. The evoked currents increased with power according the expected (Denk et al. 1990 ) quadratic relationship for two-photon excitation (Fig. 5C and D) . We tested if 200 pulses at 720 nm for 2 ms with 40 mW of power caused any phototoxic side effects on MHb in brain slices (n = 3). We could detect no change in baseline fluorescence with fluo-4FF, nor any changes in resting membrane potential or access resistance. These data are consistent with our previous study which used similar energies, but longer duration for intracellular uncaging of IP 3 in vivo, during which we detected no phototoxicity (Crowe et al. 2010) . Finally, when we kept the power fixed (20 mW) and simply increased the shutter time (0-5 ms), we observed a linear increase in evoked current (Fig. 5E ).
Discussion
Even though acetylcholine was the first neurotransmitter to be discovered, considerable technical challenges remain for the study of its synaptic physiology. The challenge for the neurotransmitter itself is that all valances, including the nitrogen lone pair, are fully satisfied. In contrast, carbamoylcholine has N-H bonds free for derivatization with photochemical protecting groups such as the NB or carboxy-(C)NB chromophores (Walker et al. 1986b; Milburn et al. 1989; Khiroug et al. 2003; Yakel, 2013) . Further, in 1994 Denk was able to use CNB-carbamoylcholine for two-photon uncaging experiments on living cells (Denk, 1994) . However, since the simple NB chromophore has a very low two-photon cross section (0.001 units of Goeppert-Mayer (GM); Brown et al. 1999) , a short wavelength (640 nm) was needed for successful uncaging, one that was subsequently reported to be challenging to cells (Kiskin et al. 2002) . This study suggested that more electron-rich chromophores could be used for successful two-photon uncaging at wavelengths >700 nm, for example (Ellis-Davies, 1999; Matsuzaki et al. 2000) . These probes, along with other electron-rich caged compounds, all have required quadratic relationship for two-photon uncaging (DelPrincipe et al. 1999; Matsuzaki et al. 2001 Matsuzaki et al. , 2010  nAChR-mediated Ca 2+ signalling in medial habenula neurons 5315 Momotake et al. 2006; Ellis-Davies et al. 2007; Olson et al. 2013; Amatrudo et al. 2014; Agarwal et al. 2016 Agarwal et al. , 2017 Passlick & Ellis-Davies, 2017; Richers et al. 2017) . Consistent with these studies, DPNB-ABT594 also shows power-squared relationship of evoked current and incident power (Fig. 5) . In contrast, a recent report using a 7-aminocoumarin-caged nicotine showed a linear relationship with power (Banala et al. 2018) . This new caged compound used the DCAC chromophore, which we had previously shown to be truly two-photon effective in 2010 .
Molecules with a relatively low two-photon cross section, such as the DMNB chromophore, are probably much better suited to linear excitation. In this context, a key property of caged compounds that makes them practical for the study of living cells is the efficiency of use of the absorbed light, in other words, the quantum yield of photolysis should be high (Kaplan et al. 1978; Kaplan & Ellis-Davies, 1988; Walker et al. 1988; Ellis-Davies & Kaplan, 1994; Fedoryak et al. 2005; Ellis-Davies et al. 2007; Matsuzaki et al. 2010) . DPNB-ABT594 has a quantum yield of photolysis of 0.20, making it extremely effective in its use of incident light compared to a recently published caged nicotine, which has a quantum yield of 0.009 (Banala et al. 2018) . Our high quantum yield allowed us to use brief durations and low power of uncaging, with as little as 0.5 ms and 1 mW of 410 nm light evoking rapid responses from neurons (Figs 2 and 4) . In contrast, inefficient uncaging requires longer pulse durations (Banala et al. 2018) potentially harmful for living cells.
The favourable properties of our new caged compound allowed us to examine the subcellular distribution of nAChRs in MHb neurons. We found that dendrites of MHb neurons express functional nAChRs (Figs 3 and 4) in line with recent results (Banala et al. 2018 ). More importantly, by combining one-photon uncaging Figure 5 . Two-photon uncaging of DPNB-ABT594 on medial habenula neurons A, two-photon fluorescence image of a patch-clamped medial habenula (MHb) neuron filled with Alexa 594 (maximum projection of 25 μm). Regions selected for two-photon uncaging at 720 nm of DPNB-ABT594 (400 μM, locally applied) are marked by the letters b and c and are shown in B and C at higher resolution. B, current response (right, top) caused two-photon uncaging (2 ms, 30 mW) on the dendrite (top left, zoomed image of dendrite b in A). Current response (right, middle) from uncaging at 1.5 μm away from the dendrite. Redirecting the laser to the dendrite restored the current response (right, bottom). Current traces are averages of 3-4 trials. C, current recordings in response to increasing power (0-40 mW) with constant duration (2 ms) at locations 1-3 (top left, zoomed image of dendrite c in A). D, two-photon uncaging-evoked currents increased quadratically with power (n = 9 cells with 3 power curves each; 2 ms, 0-40 mW). Uncaging on cells without DPNB-ABT594 (×10, 40 mW, 2 ms, at 5 Hz) evoked no current (square, n = 4). E, two-photon uncaging-evoked currents showed a linear dependence on photolysis duration (0-4 ms) at constant power (20 mW, n = 4 cells with 3 power curves each). Linear regression lines in D and E were fitted for each cell (grey points and lines) and the average across cells (white points and black lines). [Colour figure can be viewed at wileyonlinelibrary.com] (Shen & Yakel, 2009) .
Our data suggest that functional nAChRs are expressed on MHb axons projecting to the IPN where they might exert a modulatory function on the relay of information between the MHb and the IPN and thereby influence behaviours that are controlled by these brain structures, such as nicotine addiction (Fowler et al. 2011) , encoding of fear memories (Zhang et al. 2016 ) and resolution of social conflict (Chou et al. 2016 ).
In conclusion, we developed a new caged drug which specifically activates nAChRs with high affinity using oneand two-photon light. This compound enabled us to map the distribution of nAChRs on MHb neurons and uncover the unexpected presence of these receptors on MHb axons. Little is known about the Ca 2+ signalling of MHb neurons. Our new compound will help gain a deeper understanding of the nAChR-mediated Ca 2+ signalling in the MHb and its implications for nicotine addiction and other complex behavioural processes.
